Introduction
The spatial and temporal control of the GTP hydrolysis cycle of the small G protein, Arf1, is critical for the proper functioning of the Golgi apparatus (Poon et al, 1999; Frigerio et al, 2007; Saitoh et al, 2009) . In its active GTP-bound conformation, Arf1 recruits numerous protein complexes to the Golgi membrane, which all contribute to the transport function of this organelle. This includes coat complexes, which generate transport vesicles, lipid transporters and lipid-modifying enzymes, which control membrane composition, and long coiled-coil proteins, which tether membranes (Gillingham and Munro, 2007) .
Two types of GTPase activating proteins (GAPs) for Arf1 exist at the Golgi. Members of the ArfGAP3/Glo3 family target Arf1-GTP in complex with the COPI coat through specific protein-protein interactions (Weimer et al, 2008; Kliouchnikov et al, 2009; Schindler et al, 2009) . Members of the ArfGAP1/Gcs1 family seem less dependent on the engagement of Arf1-GTP with specific effectors and instead are mostly regulated by protein-lipid interactions. ArfGAP1 and Gcs1p contain motifs, named amphipathic lipid packing sensor (ALPS) , that allow coupling of the GAP activity with the curvature of the underlying membrane (Bigay et al, 2005; Mesmin et al, 2007; Levi et al, 2008) . These motifs adsorb specifically at the surface of small artificial liposomes where they form amphipathic helices. As a result of this folding/ adsorption mechanism, the rate of ArfGAP1-catalysed GTP hydrolysis on Arf1 increases up to 100-fold when the liposome radius decreases from 150 to 35 nm (Bigay et al, 2003) .
The hypersensitivity of ArfGAP1 to membrane curvature suggests simple models for the organization of Arf1-driven events at the Golgi apparatus. In the case of COPI vesicles, we proposed that ArfGAP1 gradually eliminates Arf1-GTP molecules from COPI-coated area as the underlying membrane becomes curved. Ultimately, this would result in COPI disassembly once the vesicle has formed (Bigay et al, 2003) . More recently, we proposed that ArfGAP1 also contributes to the organization of membrane tethering by the long coiledcoil protein GMAP-210 by favouring the connection between flat and curved membranes, a geometry that seems well suited to restrict the movement of vesicles in the vicinity of Golgi cisternae (Drin et al, 2008) .
All these models were inferred from reconstitution experiments using artificial liposomes made by extrusion through filters of defined pore size. With this technique, one can decrease the mean liposome radius from 150 to 30 nm (Bigay et al, 2003) . However, such liposomes hardly mimic some complex membrane topologies that are found during budding from Golgi membranes, notably when a transport intermediate is still connected to the parental membrane through a thin neck. The spatial distribution of the GTPase reaction at this stage might be critical for the stability of the coat, the sorting of lipids and cargoes and the susceptibility of the neck to undergo fission (Pucadyil and Schmid, 2009 ). However, these issues are very difficult to address experimentally.
We have developed techniques by which long and thin tubes can be pulled from the membrane of giant unilamellar vesicles (GUVs) (Roux et al, 2002; Leduc et al, 2004; Sorre et al, 2009) . These approaches were used here to explore the organization of the GTPase reaction when ArfGAP1 and Arf1-GTP are exposed to a continuous lipid membrane displaying abrupt changes in curvature.
Results
Fluorescent versions of Arf1, of ArfGAP1 and of its ALPS motif region were added to GUVs whose membrane had been mechanically deformed. The protein constructs as well as the nano-techniques used to pull on the GUV membrane have been published (Leduc et al, 2004; Mesmin et al, 2007; Manneville et al, 2008; Sorre et al, 2009) . In brief, long and thin tubes were pulled from GUVs using either the force of kinesin motors moving along microtubules (Roux et al, 2002; Leduc et al, 2004) or the force of optical tweezers combined to micropipette aspiration of the GUV (Sorre et al, 2009) . The first technique is statistically advantageous because numerous tubes are generated in the GUV chamber. The main advantage of the second technique is to allow fine tuning of the tube radius as well as force measurements.
Distribution of Arf1-GTP, ALPS and ArfGAP1 on tube networks
We first generated lipid tubes from GUVs containing DOPC (99%) and the fluorescent lipid Bodipy-TR-Ceramide (BodTRCer; 1%) using kinesin motors. These tubes have a radius of about 20-30 nm as estimated by electron microscopy (Roux et al, 2002) . The GUV/tube network was then incubated for several minutes with the protein of interest and confocal images were taken either in the equatorial plane of the parental GUVs ('z-GUVs' images) or near the chamber surface to visualize the tubes ('z-tubes' images). In the presence of GTP, myristoylated Arf1, which was labelled at its C-terminus with a green probe (Oregon Green, OG), was found on the tubes as well as on the GUVs ( Figure 1A , left panel). To compare the surface density of Arf1 on the two membrane regions, we measured the fluorescent profiles of Arf1-OG (green channel) and of the lipid marker BodTRCer (red channel) along lines perpendicular to the tube main axis or to the GUV membrane ( Figure 1A , right panel). The relative surface density of Arf1 in the tube and in the GUV is given by the distribution ratio: distribution ¼ (Arf1-OG/BodTRCer) tube /(Arf1-OG/BodTRCer) GUV . The observed value was close to 1.5, suggesting a slight enrichment of Arf1-GTP in the tubular regions. Thus, Arf1-GTP distributes quite evenly at the surface of continuous membranes displaying flat and tubular regions, although a slight preference for tubular regions could be observed.
A strikingly different picture was observed when kinesinpulled DOPC tubes were exposed to the curvature sensor region of ArfGAP1 (residues 192-304 corresponding to the two ALPS motifs and abbreviated as ALPS1-ALPS2-Alexa 488 , Figure 1B ) or to an antibody-labelled version of ArfGAP1 ( Figure 1C ). The lipid tubes were strongly labelled by ALPS1-ALPS2-Alexa 488 or by ArfGAP1, whereas the giant vesicles, from which the tubes depart, displayed no detectable protein labelling. The segregation of ArfGAP1 and of the ALPS1-ALPS2 peptide in the tubes was so high that their fluorescence in the GUVs was similar to background noise precluding the measurement of the distribution ratio, which therefore seemed infinite. These observations show that ArfGAP1, when exposed to a continuous lipid membrane, binds very selectively to high-curvature regions through its ALPS1-ALPS2 region. Next, we conducted two-stage incubations. The GUV/tube lipid network was first incubated with Arf1-OG and GTP and then with the fluorescent ALPS1-ALPS2 peptide or with antibody-labelled ArfGAP1 (Figure 2A and B, respectively). Again, Arf1-OG was found both on the tubes and on the parental GUVs, whereas ArfGAP1 or the ALPS1-ALPS2 peptide was restricted to the tubes (Figure 2 ). Of note, antibodylabelled ArfGAP1 did not promote the dissociation of Arf1-OG from the GUV/tube network suggesting that it loses the ability to promote GTP hydrolysis on Arf1. We concluded that ArfGAP1 and its ALPS1-ALPS2 region keep their strict preference for membrane tubes when the entire surface of the GUV/tube network is covered by Arf1-GTP, the substrate of ArfGAP1.
Additional experiments indicated that the interaction of ALPS1-ALPS2 with membrane tubes was reversible. When the incubation chamber containing the GUV/tube network and ALPS1-ALPS2-Alexa 488 or GTP-bound Arf1-OG was washed out with buffer alone, the ALPS1-ALPS2 signal vanished within a few minutes (Supplementary Figure  S1A) , whereas the Arf1-OG signal was more stable (Supplementary Figure S1B ). In addition, when fluorescent versions of the individual ALPS motifs of ArfGAP1 (ALPS1-Alexa 488 and ALPS2-Alexa 488 ) were added to GUV/tube networks, almost no signal could be observed (Supplementary Figure  S2) . Earlier biochemical experiments indicated that each ALPS motif is able to bind to small liposomes, but binding increases 10-fold when the two motifs are in tandem such as in full-length ArfGAP1 (Mesmin et al, 2007) . This synergy probably explains why DOPC tubes were labelled by the ALPS1-ALPS2 construct but not by the individual motifs.
A curvature threshold for the binding of the ALPS 1-2 motif The radius of the tubes pulled from GUVs by molecular motors cannot be readily controlled and modified. To circumvent this limitation, we used an alternative approach based on micromanipulation. A GUV in a solution containing the protein of interest was held at a controlled membrane tension by micropipette aspiration. Next, an optically trapped streptavidin-coated bead was adhered to the opposite side of the GUV and a tube was generated by moving the giant vesicle with the micropipette away from the bead. This step was performed at low tension and resulted in tubes with a radius 450 nm. Thereafter, the radius of the tube was decreased in a stepwise manner by increasing membrane tension with micropipette aspiration. At each step and after equilibration, a confocal image was taken along the tube to visualize the fluorescent lipid and the bound protein. In addition, the lateral displacement of the bead relative to the trap centre was followed by video tracking. This permitted to measure the force applied to the tube and to calculate, knowing also the tension value, the tube radius (Sorre et al, 2009 ). Figure 1 ArfGAP1 and its ALPS1-ALPS2 region bind specifically to curved membranes, whereas Arf1-GTP shows only a slight preference for curved regions. Membrane tube networks were pulled from GUVs containing DOPC (98%), a red fluorescent lipid (BodTRCer, 1%) and a biotinylated lipid (BiotPE, 1%) by the truncated biotinylated version of kinesin 1. Tube networks (red panel) were incubated with 0.5 mM Arf1-OG in the presence of GTP (A), 0.5 mM, ALPS1-ALPS2-Alexa 488 (B) or 1 mM ArfGAP1 labelled with a primary antibody against ArfGAP1 (rabbit) and a secondary green fluorescent (Alexa 488 ) anti-rabbit antibody (C). Fluorescence intensity profiles in the tube ('z-tubes' in the confocal images on the left panels) and in the GUV ('z-GUVs') regions across the dashed lines are plotted on the right panels (green line: protein fluorescence; red line: lipid marker fluorescence). Scale bar: 15 mm.
Supplementary Figure S3A shows a full sequence of images for a GUV incubated with ALPS1-ALPS2-Alexa 488 . Some selected images and the corresponding quantifications are shown in Figure 3A . During the first steps of aspiration when the tube radius was larger than 36±5 nm (mean±s.d.; N ¼ 8), no binding of ALPS1-ALPS2-Alexa 488 could be observed. When the radius reached a value of about 35 nm, a green signal was suddenly detected on the tube (Supplementary Figure S3A) . This signal then increased gradually as the radius further decreased, whereas the GUV membrane remained unlabelled. To quantify this complex binding behaviour, we plotted the ratio between the ALPS1-ALPS2-Alexa 488 signal and the fluorescent lipid signal against membrane curvature (1/R tube ) ( Figure 3A , right panel). From these data, a critical radius threshold of 36±5 nm (mean±s.d.; N ¼ 8) for the binding of ALPS1-ALPS2-Alexa 488 to DOPC tubes was measured. Interestingly, we noticed that the ALPS1-ALPS2-Alexa 488 peptide also affected the relationship between the force needed to hold the tube and membrane tension (Supplementary Figure S3B and C). On simple membranes, the square of the force depends linearly on membrane tension (Evans and Yeung, 1994) . However, a clear downward deviation was observed in the presence of the ALPS1-ALPS2-Alexa 488 peptide. This suggests that ALPS motifs not only bind specifically to thin membrane tubes, but also induce mechanical effects on the membranes.
Next, we performed similar experiments with Arf1-OG in the presence of GTP. As expected, Arf1-OG was found evenly distributed at the surface of the GUV before the tube was pulled out ( Figure 3B ). Moreover, as soon as the tube was formed (at low tension when R tube 450 nm), it became immediately labelled with Arf1-OG. Thus, and in contrast to ALPS1-ALPS2-Alexa 488 , there is no critical radius for Arf1-GTP binding. This further illustrates the quite permissive behaviour of Arf1-GTP as regard to membrane curvature. When the tube radius was stepwise decreased, we observed a clear enrichment of Arf1-OG in the tube region. The ratio between the green (Arf1-OG) and the red (lipid) fluorescence signals across the tube increased by two-fold for tubes displaying a radius close to that of kinesin-pulled tubes (20 nm) and up to six-fold for extremely thin tubes (R ¼ 8 nm) ( Figure 3B ).
Qualitatively, the discontinuous and sharp response of ALPS1-ALPS2-Alexa 488 to membrane curvature clearly contrasted with the monotonous and weak response of Arf1-OG. However, the curves shown in Figure 3A and B cannot be directly compared because the two proteins do not bear the same fluorescent dye. This problem could be circumvented by calculating a distribution ratio, that is by normalizing the protein/lipid signal ratio in the tube to that observed in the GUV. Although the distribution ratio of ALPS1-ALPS2-Alexa 488 in the tube was apparently infinite because of the lack of detectable Alexa 488 signal on the GUV, a lower limit could be determined by considering that the peptide was not excluded from the GUV membrane but bound faintly such as to give a fluorescent signal similar to the background Alexa 488 signal. We could then directly compare the responses of Arf1-OG and ALPS1-ALPS2-Alexa 488 to membrane curvature ( Figure 3C ). Strikingly, and despite the underestimation of its distribution ratio, the response ALPS1-ALPS2-Alexa 488 to membrane curvature surpassed by a factor of at least 30 the response of GTP-bound Arf1-OG. In addition, ALPS1-ALPS2- 
Arf1 gradients generated by ArfGAP1 activity on membrane tubes
The above experiments demonstrate that when ArfGAP1 and Arf1-GTP face a membrane displaying flat and curved regions, ArfGAP1 segregates through its ALPS motifs in curved (radius o35 nm) regions, whereas Arf1-GTP distributes more evenly on all regions. An implication of this observation is that GTP hydrolysis on Arf1, which is catalysed by ArfGAP1, should occur exclusively on the curved regions. Moreover, because GTP hydrolysis on Arf1 induces the detachment of the protein from the lipid membrane (see below), local GTP hydrolysis in a tube should lead to loss of the Arf1 signal at this location.
To test this prediction, we first performed experiments in which membrane networks driven by kinesin motors (similar to that used in Figures 1 and 2) were incubated with Arf1-OG and GTP and subsequently exposed to ArfGAP1. The gentle manipulations needed to exchange the solutions in the chamber made this method poorly adapted to kinetic measurements and precluded accurate comparison between different membrane regions. Nevertheless, we observed that ArfGAP1 induced a clear decay of the Arf1-OG signal not only from the tubular regions, as expected, but also from the parental GUV membrane (data not shown). To explain this observation and because the tubular network and the GUVs (B) Same as in (A) except that ALPS1-ALPS2-Alexa 488 was replaced by 0.5 mM Arf1-OG, which was converted to the GTP-bound conformation in the presence of the GUV before the formation of the tube (two independent experiments). The data point indicated by an asterisk corresponds to fluorescence ratio in the tube shown in the left image. The point at zero curvature corresponds to the fluorescence ratio on the GUV. (C) To compare the data shown (A, B) , the fluorescence ratio in the tube was normalized to that in the GUV to get the distribution ratio, which is independent on the experimental conditions (labelling, gain and photobleaching). For this purpose, the ALPS1-ALPS2-Alexa 488 fluorescence on the GUV was considered to be equal to the background noise. The effect of membrane curvature on the distribution ratio of ALPS1-ALPS2-Alexa 488 is thus underestimated. Scale bar: 15 mm. are connected, we reasoned that the Arf1 density could decrease on the GUVs because GTP-bound Arf1 diffuses to the tubes. The Arf1 density should then depend not only on the rate of GTP hydrolysis in the tubes, but also on the time needed for GTP-bound Arf1 to diffuse from the GUVs to the tubes. Experiments performed at low ArfGAP1 concentration and on tubes pulled by optical tweezers turned out to be well adapted to study this potential diffusion-reaction process. In the first stage, DOPC GUVs were incubated with Arf1-OG and with GTP. The GUVs, hence covered with active Arf1-OG, were transferred to a micromanipulation chamber containing 10 nM ArfGAP1 and a membrane tube (radius 10-15 nm) was pulled from a GUV by optical tweezers. At this low ArfGAP1 concentration, the Arf1-OG signal remained stable for several minutes and was analysed by confocal microscopy. Figure 4A shows a typical profile of Arf1-OG on a tube of 17 mm in length. Although some green fluorescence was observed all along the tube, the signal intensity slightly decreased from the base of the tube to its tip. In contrast, the red lipid fluorescence was constant. The non-uniform distribution of Arf1-OG along the tube was suggestive of a diffusion-reaction process: ArfGAP1 activity should be the same along the tubes, but should win at long distance over the lateral diffusion of Arf1-OG from the GUV towards the tube. To better test this, we made very long tubes (about 40 mm) such as to increase the average distance between the location of GTP hydrolysis (the tube) and the reservoir of GTP-bound Arf1 (the GUV). Under these conditions, we could observe a very clear Arf1-OG gradient, with a strong green signal at the base of the tube followed by a regular and complete decrease in the signal up to the tube tip ( Figure 4B ). In contrast, Arf1-OG, which had been activated by GTPgS, a non-hydrolysable analogue of GTP, was found evenly distributed along the tube ( Figure 4C ). Taken together, these experiments demonstrate that on a membrane displaying flat and curved regions there is a competition between Arf1-GTP diffusion and localized GTP hydrolysis catalysed by Arf1-GAP1.
To analyse the Arf1 gradients generated by ArfGAP1 in a quantitative manner, we considered a simple diffusion-reaction model ( Figure 4D ). In the GTP-bound conformation, Arf1 diffuses from the GUV into the tube with a diffusion coefficient D and dissociates from the tube on ArfGAP1-catalysed GTP hydrolysis with a rate constant k. Under steady-state conditions, the model predicts that the concentration of Arf1 should decrease exponentially along the main tube axis with a characteristic length, L (see equation 1 in Materials and methods). Fitting the experimental data (black line in Figure 4B , right panel) gave L ¼ 8.4 ± 0.5 mm (s.e.m; N ¼ 9). The characteristic length is the square root of D/k (L ¼ ffiffiffiffiffiffiffiffi ffi D=k p ) and therefore is a direct index of the competition between diffusion and GTP hydrolysis. A shallow gradient (large value of L) is indicative of fast diffusion and/or a slow GTP hydrolysis, whereas a sharp gradient (small value of L) is indicative of slow diffusion and/or fast GTP hydrolysis.
We next wondered whether the value of L given by the membrane pulling experiment was compatible with the values of D and k that could be inferred from other experimental approaches. Using fluorescence recovery after photobleaching (FRAP) experiments, we reported earlier a value of D ¼ 4.7 mm 2 s À1 for the diffusion coefficient of GTP-bound Arf1-OG on giant vesicles displaying a Golgilike composition (Manneville et al, 2008) . As shown in Figure 5A , a similar diffusion coefficient was observed for the diffusion of Arf1-OG on DOPC giant vesicles (D ¼ 3.5 mm 2 s À1 ). Arf-OG also diffuses rapidly on thin DOPC tubes pulled by optical tweezers, although the time resolution of the experiment did not permit us to determine the exact diffusion coefficient (D in the order of 10 mm 2 s À1 ;
Figure 5B). To estimate the rate constant of Arf1-OG detachment on GTP hydrolysis, we performed bulk measurements using small DOPC liposomes obtained by extrusion through polycarbonate filters (pore size 0.03 mm). These liposomes had a radius of 40±10 nm as estimated by dynamic light scattering. As the total curvature of a spherical liposome is similar to that of a tube with a two-fold smaller radius, our kinetics measurements should be relevant for tubes displaying radii in the range of 20 nm. As schematized in Figure 5C , we followed the conformational changes of Arf1-OG on GDP to GTP exchange and GTP hydrolysis using tryptophan fluorescence (Antonny et al, 1997) and its membrane associationdissociation cycle using fluorescence resonance energy transfer between OG and the fluorescent lipid Rhodamine-PE (Manneville et al, 2008) . In the first stage, GDP to GTP exchange was promoted by the addition of GTP and by lowering the concentration of magnesium using EDTA. Translocation of Arf1-OG to the liposome surface results in an increase in the fluorescence of Rhodamine (the acceptor) at the expense of the fluorescence of OG (the donor), which was followed here ( Figure 5C ; green trace). Thereafter, GTP hydrolysis was initiated by the addition of ArfGAP1. The OG fluorescence (green trace) and the tryptophan fluorescence (blue trace) varied in a coordinated manner, suggesting that the membrane association-dissociation cycle of Arf1-OG was in phase with its GDP/GTP cycle ( Figure 5C ). Notably, Arf1-OG dissociated from the liposomes on ArfGAP1 addition with the same kinetics as Arf1-OG conformational change on GTP hydrolysis. The rate also increased with ArfGAP1 concentration ( Figure 5C , inset). In the presence of 10 nM ArfGAP1, k was estimated to be E2. 
Discussion
The recruitment of proteins involved in the formation of transport vesicles seems remarkably well orchestrated in vivo (Kaksonen et al, 2005) . This may be due in part to the ability of some proteins to finely recognize the morphological changes of the membrane, which occur during budding. Using membrane networks consisting of thin (R ¼ 10-100 nm) tubes emerging from GUVs (R45 mm), we have investigated the behaviour of Arf1-GTP and ArfGAP1, two proteins that control the assembly-disassembly cycle of the COPI coat, on membranes displaying a topology relevant for intermediate stages of vesicle formation.
ArfGAP1 is hypersensitive to membrane curvature whereas Arf1 binds to flat membranes
The differential distribution of ArfGAP1 and Arf1-GTP on GUV/tube networks is clear cut. ArfGAP1 binds exclusively to the tubes whereas Arf1-GTP shows a permissive behaviour with regard to membrane curvature, distributing both on the tubes and on the GUVs (Figures 1-3) . Strikingly, the binding of ArfGAP1 to DOPC tubes occurs below a threshold radius of R ¼ 36 ± 5 nm ( Figure 3A and Supplementary Figure S3) . Therefore, in the duo formed by ArfGAP1 and Arf1-GTP, the exquisite sensor of membrane curvature is ArfGAP1 and not Arf1-GTP. This conclusion is at odds with the recent claim that proteins of the Arf family sense membrane curvature (Lundmark et al, 2008) . Such an assertion is based on the fact that liposome size has a weak effect on the rate of Arf1 and Arf6 activation at low magnesium concentration. Typically, reducing liposome radius from 150 to 30 nm increases the rate and extent of spontaneous GDP to GTP exchange on Arf by a factor of E1.3. On the other hand, the same decrease in liposome size causes a 30-to 100-fold increase in the rate of ArfGAP1-catalysed GTP hydrolysis on Arf1 (compare Figure  2a in Lundmark et al, 2008 and Figure 1c in Bigay et al, 2003) . Therefore, we argue that the weak sensitivity of Arf1 to membrane curvature, which is also observed here ( Figures  1A and 3B) , is marginal compared to that of ArfGAP1 on the same lipid membrane system, either GUV/tube networks (this study) or extruded liposomes of defined size (Bigay et al, 2003 (Bigay et al, , 2005 Mesmin et al, 2007; Drin et al, 2008) .
If not required for the activation of Arf1, membrane curvature can result from the accumulation of Arf1-GTP on lipid membranes. Under our experimental conditions (submicromolar protein concentration), Arf1-GTP does not deform the GUV surface unless coatomer is subsequently added (Manneville et al, 2008) . Others have reported that Arf1-GTP in the absence of coatomer but at higher concentration (typically 10 mM) promotes the formation of tubes from liposomes or from lipid membrane sheets (Beck et to follow either the conformational changes of Arf1-OG on nucleotide exchange and GTP hydrolysis or its binding to and dissociation from small DOPC liposomes. Bottom: Arf1-OG (0.5 mM) was mixed with DOPC small liposomes (0.4 mM; hydrodynamic radius ¼ 40 ± 10 nm) containing 1 mol% Rhodamine-PE. At the indicated times, GTP (40 mM), EDTA (2 mM), MgCl 2 (2 mM) and ArfGAP1 (10 nM) were added. Tryptophan fluorescence (blue trace) or Oregon Green fluorescence (green trace) was followed in real time. Note the good time correlation between the two recordings. The inset shows the time course of Arf1-OG dissociation as monitored by Oregon Green fluorescence using increasing concentrations of ArfGAP1. Krauss et al, 2008; Lundmark et al, 2008) . These observations are not necessarily contradictory. Membrane deformation on COPI-coat assembly probably arises from two factors that act in a synergistic manner: the 'wedge' effect of Arf1-GTP, which should be significant at high surface density when several Arf1-GTP molecules are trapped in a small coated area, and the coat itself, owing to its spherical scaffold structure. However, Arf and Arf-like proteins recruit not only coat proteins but also various effectors such as golgins and lipidmodifying enzymes (Gillingham and Munro, 2007) . These interactions do not seem to require or induce membrane curvature: for instance, the complex between Arf1-GTP and the C-terminal region of the golgin GMAP-210 forms readily on flat membranes (Drin et al, 2008) . It should be also noted that in early electron microscopy studies on Golgi membrane preparations, Arf1 was detected on flat cisternae whereas efficient membrane deformation was observed only after the addition of coatomer (Orci et al, 1993a, b) . In conclusion, if membrane curvature is inherent of some mechanisms that are controlled by Arf1, this small G protein interacts quite well with flat membranes and the mechanisms by which membrane curvature is either induced or sensed depend largely on the recruitment of other proteins such as coat complexes or ArfGAP1, respectively.
A diffusion-reaction model for the stabilization of the COPI coat
The sharp dependency of ArfGAP1 on membrane curvature has key implications for the distribution of the GTPase reaction during COPI budding. The fact that there is a threshold radius of 35 nm for the binding of the ALPS1-ALPS2 motif of ArfGAP1 ( Figure 3A) suggests that 'early' buds displaying a shallow curvature should be protected from ArfGAP1 ( Figure 6A ). However, this should not be the case for 'late' buds displaying a curvature close to the final vesicle. We suggested earlier that the dissociation of Arf1 molecules could be tolerated if the coat lattice is sufficiently stabilized by lateral contacts ( Figure 6A ; Bigay et al, 2003) . The experiments presented here suggest that diffusion of Arf1-GTP from the parental flat membrane into the bud is an additional factor that could contribute to the stability of coated buds ( Figure 6B) .
When a catalytic amount of ArfGAP1 was added to GUV/ tube networks covered with Arf1-GTP, preferential loss of Arf1 from the tubes was evident only for very long tubes, which showed an exponential decrease in Arf1 density from the base of the tube to its tip with a characteristic length in the range of E10 mm ( Figure 4B ). This suggests that dissociation of Arf1 in highly curved regions can be readily compensated over short distance (sub-micrometer) by lateral diffusion.
About 100 nm separate the tip of a COPI bud from the parental Golgi cisternae ( Figure 6A and B). To generate a sharp Arf1 gradient over this distance range, our model predicts that extremely high values of k and extremely low values of D are needed. In Figure 6C , that is 0.5-1% the diffusion of Arf1 on a pure lipid membrane ( Figure 5A ; Manneville et al, 2008) . We conclude that a significant decrease in the density of Arf1-GTP in a COPI bud requires not only a very fast rate of GTP hydrolysis in this area but also a very slow rate of protein lateral diffusion.
Live cell imaging approaches with fluorescent proteins have begun to give information on the dynamics of proteins of the COPI machinery in vivo (Vasudevan et al, 1998; Presley et al, 2002; Liu et al, 2005) . Notably, they permit to estimate the overall time needed for Arf1, ArfGAP1 and coatomer to cycle between the cytosol and the Golgi and clearly indicate an intimate link between these association-dissociation events. Despite these progresses, however, we are far from knowing the duration of individual steps, such as the time needed for Arf1-GTP to diffuse at the surface of a single Golgi cisternae or the lifetime of Arf1-GTP in a COPI bud.
Complications arise from the small size and the complex structure of the Golgi, from the fact that Arf1-GTP recruits various effectors on this organelle and from the involvement of at least two ArfGAPs. In the case of COPI-coated buds, the rate of GTP hydrolysis catalysed by ArfGAP1 is probably controlled not only by membrane curvature, but also by interactions between ArfGAP1, the COPI coat and cargo molecules (Szafer et al, 2001; Liu et al, 2005; Levi et al, 2008) . Moreover, it is not clear whether ArfGAP1 acts in a catalytic or in a stoechiometric manner (Yang et al, 2002) . In our experiments, ArfGAP1 was used in catalytic amount compared to Arf1 (1:40 ratio). If we extrapolate the observed value of k for a stoechiometric amount of ArfGAP1, the rate constant of GTP hydrolysis would be in the range of 1 s
À1
. This large uncertainty in the value of k is illustrated by the yellow area in Figure 6C , which depicts values from 10 À2 to 10 s
. The lateral mobility of Arf1-GTP on Golgi cisternae is not precisely known because values of D given by FRAP experiments probably integrate several steps including the cycling of Arf between the cytosol and membranes (Vasudevan et al, 1998; Presley et al, 2002) . Peripheral proteins that are anchored in cellular membranes through lipid modifications display D values in the range of 0.3-1 mm 2 s À1 (Kenworthy et al, 2004) . If this range seems reasonable for the lateral mobility of Arf1-GTP before its engagement in the coat, it is likely that the COPI lattice and the high density of proteins at the neck region should make the exchange of Arf1 molecules between the parental membrane and the bud much less efficient. However, this is difficult to address experimentally. Notwithstanding this, our data suggest that, unless diffusion of Arf1-GTP in the COPI-coat lattice is completely impaired, even a modest flux (41% of unrestricted diffusion, i.e. 3 Â10 À2 mm 2 s À1 ) of Arf1-GTP molecules coming from the parental membrane could overcome the loss of Arf1 by GTP hydrolysis in the bud. This is illustrated by the blue area in Figure 6C , which describes the range of D-values that would counteract GTP hydrolysis when k varies up to 10 s À1 . Interestingly, FRAP experiments in living cells suggest that the assembly-disassembly cycle of the COPI coat is not in phase with the GTPase cycle of Arf1. Arf1 cycles more rapidly between the cytosol and the Golgi membrane than coatomer, although coatomer depends on GTP hydrolysis on Arf1 for its cycling (Presley et al, 2002; Liu et al, 2005) . Therefore, we propose that coat expansion and polymerization during budding is accompanied by cycling of Arf1 molecules, which enter the bud by lateral diffusion and leaves it by GTP hydrolysis, thus permitting the coat to remain metastable ( Figure 6B) .
One of the most interesting aspects of this model is that it makes membrane fission the triggering event for coat disassembly. When the neck is cut, the loss of Arf1 by GTP hydrolysis is no longer compensated by Arf1-GTP diffusion ( Figure 6B ). As a result, the coat should readily disassemble. Importantly, such a mechanism is valid not only for GAPs that are regulated by membrane curvature but also for those that are regulated by coat assembly (Futai et al, 2004; Sato and Nakano, 2005; Weimer et al, 2008; Kliouchnikov et al, 2009; Schindler et al, 2009 ). The only prerequisite for these diffusion-based models is that exchange factors must be excluded from coated vesicles.
Materials and methods
A detailed description of the various reagents and of the protocols used for protein expression, purification and labelling is provided as Supplementary data.
Giant unilamellar vesicles
GUVs containing 99 mol% DOPC and 1 mol% Bodipy-TR-Ceramide or SQUARE-685-PC were grown on ITO slides or platinum wires using the electro formation technique (Angelova et al, 1992) . GUV formation was performed at room temperature in sucrose solutions matching the osmolarity of the buffers used for the various experiments. To allow adhesion between the membrane and the streptavidin-biotinylated kinesin (tube pulling by kinesin), the biotinylated lipid Biot-Cap-DOPE was added at 1% mole. To achieve the same adhesion with streptavidin-coated beads, 0.03% mole of DSPE-PEG(2000)-Biotin was used (tube pulling by optical tweezers).
Membrane tube pulling by biotinylated kinesin
The assay was performed as published before (Leduc et al, 2004) . Briefly, polymerized microtubules in BRB80 buffer (80 mM Pipes pH 6.8, 1 mM MgCl 2 , 1 mM EGTA) were adsorbed to the coverslip of a micro-flow chamber (B5 ml) for 10-20 min. The chamber was then incubated with casein 5 mg ml À1 in HKM buffer (50 mM Hepes pH 7.2, 120 mM KAcetate, 1 mM MgCl 2 ) supplemented with 2 mM EGTA for 10 min. Excess casein was rinsed with HKM containing 5 mM DTT and 33 mM taxol (HKM-DTT-TX). A solution of biotinylated kinesin, incubated earlier with streptavidin (B0.16 mg ml À1 in HKM-DTT-TX), was then injected into the chamber for 20 min. Thereafter, the microtubule/kinesin-containing chamber was rinsed with motility buffer (MB: HKM-DTT-TX þ 1.5 mM ATP). GUVs matching the osmolarity of MB were injected onto the top of the chamber and incubated for 10 min at room temperature. Confocal images were taken either on a Zeiss LSM-META or a Nikon CS1 microscope using a Â 63 or a Â 60 objective, respectively. Green-emitting dyes were excited with a 488 nm laser. Redemitting dyes were excited at 543 nm (Zeiss) or 561 nm (Nikon).
Membrane tube pulling at controlled membrane tension by optical tweezers The setup was recently described in Sorre et al (2009) . For each experiment, a 100-200 ml open micromanipulation chamber was built with two clean glass coverslips. To prevent adhesion of the GUVs to the glass, the surfaces of the chamber and of the micropipette were incubated with 10 mg ml À1 b-casein (10 min) and then rinsed with HKM. To monitor ALPS binding, 100-200 ml of 1 mM ALPS1-ALPS2-Alexa 488 in HKM was injected into the chamber and 3.2 mm-diameter streptavidinated-polystyrene beads were supplemented. GUVs of 5 ml were then transferred from the growth chamber to the micromanipulation chamber. The sample was sealed with mineral oil to prevent water evaporation.
For ArfGAP1 activity experiments, DOPC GUVs of 5 ml were added, in an eppendorf tube, to a 75 ml solution containing 2 mM Arf1-OG, 2 mM EDTA and 0.1 mM GTP in HKM buffer, followed by incubation for 20 min at RT. To remove excess Arf1-OG, the GUVs were centrifuged at 600 r.p.m. for 10 min; 70 ml of the supernatant was discarded and 90 ml of HKM, EDTA 2 mM, GTP 0.1 mM was added at each step. Washing was repeated three times. The liposome suspension was then supplemented with ArfGAP1 (final concentration 10 nM) or ArfGAP1 buffer (control) and incorporated into the working chamber.
Membrane tension of the GUV varied from 5 Â10 À6 to 2 Â10 À4 N m À1 by micropipette aspiration (Evans and Rawicz, 1990) allowing the formation of tubes with radii from 10 to 200 nm. Membrane tubes with a large radius were pulled from giant vesicles with a low initial membrane tension (i.e. displaying optically visible membrane fluctuations). The tube was formed from the giant vesicle after adhesion of an optically trapped streptavidin-coated bead and extended to a length of 10-50 mm by moving the pipette away from the bead. The tube length was kept constant during the whole experiment. Membrane tension was then increased in a stepwise manner. For each tension, the position of the bead relative to the centre of the trap was recorded by video microscopy (force quantification) and the fluorescence signal of the lipid dye in the membrane was quantified using confocal microscopy. At least 1 min was left after each data point to allow membrane composition to equilibrate within the tube by diffusion.
